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Abstract. This paper reports the spatial and temporal development of Bursty Bulk
Flows (BBFs) created by the reconnection as well as current disruptions (CDs) in
the near-Earth tail using our 3-D global EM particle simulation with a southward
turning IMF in the context of the substorm onset. Recently, observations show that
BBFs are often accompanied by current disruptions for triggering substorms. We
have examined the dynamics of BBFs and CDs in order to understand the timing
and triggering mechanism of substorms. As the solar wind with the southward IMF
advances over the Earth, the near-Earth tail thins and the sheet current intensifies.
Before the peak of the current density becomes maximum, the reconnection takes
place, which ejects particles from the reconnection region. Because of the earthward
flows the peak of the current density moves toward the Earth. The characteris-
tics of the earthward flows depend on the ions and electrons. Electrons flow back
into the inflow region (the center of reconnection region), which provides current
closure. Therefore the structure of electron flows near the reconnection region is
rather complicated. In contrast, the ion earthward flows are generated far from the
reconnection region. These earthward flows pile up near the Earth. The ions mainly
drift toward the duskside. The electrons are diverted toward the dawnside. Due to
the pile-up, dawnward current is generated near the Earth. This dawnward current
dissipates rapidly with the sheet current because of the opposite current direction,
which coincides with the dipolarization in the near-Earth tail. At this time the wedge
current may be created in our simulation model. This simulation study shows the
sequence of the substorm dynamics in the near-Earth tail, which is similar to the
features obtained by the multisatellite observations. The identification of the timing
and mechanism of triggering substorm onset requires further studies in conjunction
with observations.
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1. Introduction

In this study, which combines 3-D EM particle simulations and ob-
servations, the substorm onset is investigated with the synergetic ef-
fects among Near-Earth Neutral Line (NENL) (reconnection), current
disruption and flow braking models.

Recently observations show BBFs are accompanied by substorm
onsets (Sergeev et al., 1995, 1999; Angelopoulos et al., 1992, 1999;
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Nagai et al., 1998; Mukai et al., 1998; Ohtani et al., 1998, 1999). These
high-velocity plasma flows lead to the braking in the near-Earth region
(Haerendel, 1992; Shiokawa et al., 1997, 1998a, b; Birn and Hesse, 1996;
Birn et al., 1999; Baumjohann et al., 1990, 1999). Recently, Lui et al.
(1999) found that the observations are inconsistent with the idea that
the dipolarization is an MHD process of magnetic flux pile-up from
braking of sunward plasma flow. Current disruption instabilities serve
as the mesoscale or microscale internal processes to facilitate the transi-
tion from a tail-like to dipole-like field configuration in the plasma sheet
(e.g., Lui, 1991; 1996). The new conjecture suggests that the near-Earth
magnetotail is an important region for the substorm trigger (Mukai et
al., 1998; Ohtani et al., 1998, 1999, and references therein).

On the basis of this idea we have investigated the temporal and spa-
tial evolution of the near-Earth magnetotail in order to study the sub-
storm onset with emphasis on the cause-and-effect relationship among
the formation of a near-Earth neutral line (NENL) (e.g., Baker et al.,
1999), earthward plasma flows, flow braking, and current disruption.

In this report the temporal and spatial evolution of the ion and
electron earthward flows is studied systematically as well as their flow
braking near the Earth. This simulation study shows the sequence of
the substorm dynamics in the near-Earth tail. The identification of the
timing and mechanism of triggering substorm onset has been attempted
with the present model. In section 2 we describe new findings with the
earthward plasma flows. The concluding remarks and future studies are
discussed in section 3.

2. Simulation Models and Results

The increase of available core memory and speed on supercomput-
ers such as the CRAY C90 and T90 now enables us to perform 3-D
particle simulations with reasonably realistic parameters. We use a 3-
D electromagnetic particle code (Buneman, 1993). This code utilizes
charge-conserving formulas (Villasenor and Buneman, 1992) and radi-
ating boundary conditions (Lindman, 1975). Due to space limitations,
please refer to (Nishikawa 1997, 1998a, b; Nishikawa and Ohtani, 2000)
for the initial and boundary conditions and parameters used in our
simulations. (The simulation grid ∆ corresponds to approximately 1RE.
The time step in our simulation may be estimated as about 10 seconds
on the basis of the solar wind velocity and the mass ratio used.) Time
step 1152 in our simulation is set at 0.00 UT in order to provide a sense
of realistic time frame (1216: 00.10UT; 1280: 00.20UT; 1344: 00.30UT;
1408: 00.40UT; 1472: 00.50UT).
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Figure 1. Ion flux (a, c, e, and g) and velocity (b, d, f, and h) on the dusk-dawn
cross-section plane at x = −8RE (a and b), −10RE (c and d), −12RE (e and f), and
−14RE (g and h) at 0.20UT (1280). The arrows show the ion flux (a, c, e, and g)
and ion velocity (b, d, f, and h) on the plane (rescaled to show small values).

In order to study the dynamics of the earthward plasma flows gener-
ated by the reconnection, flux (left column) and velocity (right column)
in the plasma sheet (45∆ < z < 51∆) and the north and south lobes
(outside the plasma sheet) are plotted at 0.20UT (1280) after the re-
connection takes place (Figure 1: ion; Figure 2: electron). The flux
and velocity are calculated by fx =

∑
vx(i) and vx =

∑
vx(i)/

∑
i,

respectively. Figure 1 shows the ion flux and velocity in the dusk-dawn
cross section plane at x = −8RE (a and b), −10RE (c and d), −12RE
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Figure 2. Electron flux (a, c, e, and g) and velocity (b, d, f, and h) on the dusk-dawn
cross-section plane at x = −8RE (a and b), −10RE (c and d), −12RE (e and f), and
−14RE (g and h) at 0.20UT (1280). The arrows show the electron flux (a, c, e, and
g) and electron velocity (b, d, f, and h) on the plane (rescaled to show small values).

(e and f), and −14RE (g, and h). (The plots are viewed from the tail
toward the Sun and the Earth is located at x = 70.5∆, y = 47.5∆, z =
48∆.) Ions are drifting mainly toward the dusk as shown by arrows.
The earthward ion flux (blues) increases near the Earth x = −8RE

(Fig. 1a). The earthward high velocity (blues) is seen in the duskside
as shown in Fig. 1b. The maximum earthward velocity is approximately
4.7 times higher than the ion thermal velocity in the solar wind (about
94% of the solar wind velocity). The earthward ion high flux and high
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Figure 3. Evolution of ion (a, c, and e) and electron (b, d, and f) velocities on the
dusk-dawn cross section plane at x = −10RE at 0.10UT (1216) (a and b), 0.20UT
(1280) (c and d), and 0.30UT (1344) (e and f). The arrows show the ion (a, c, and
e) and electron (b, d, and f) velocities on the plane (rescaled to show small values).

velocity are confined to the plasma sheet (Fig. 1a, 1b, 1c, and 1d).
The rather high-velocity tailward flows (reds) are found in the lobe
(near the mantle) (Fig. 1b, 1d, 1f, and 1h). Figure 2 shows electron
flux and velocity at the same time. In contrast to the ion earthward
fluxes, earthward electron fluxes are found near the reconnection region
(x ≈ −15RE) as shown in Fig. 2g. It should be noted that the tailward
flux is mixed with the earthward flux, which indicates the generation
of current closure near the null points (the 3-dimensional reconnection)
(Cai and Nishikawa, 1999) (more complicated than the X point in the
2-dimensional simulation) (Sonnerup, 1979; Terasawa, 1983). High
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(a) (b)

(c) (d)

(e) (f)

Figure 4. Evolution of ion (a, c, and e) and electron (b, d, and f) velocities (vx) in
the equatorial plane (z = 48∆) at 0.10UT (1216) (a and b), 0.20UT (1280) (c and
d), and 0.30UT (1344) (e and f). The arrows show the ion (a, c, and e) and electron
(b, d, and f) velocities (vx,y) on the plane (rescaled to show small values).

earthward electron flux is confined to the plasma sheet, however, earth-
ward high velocity electrons are found in the outside of the central
plasma sheet, since electrons are accelerated along the magnetic sep-
aratrices. The earthward high electron flux is found in the dawnside
(near the Earth) at x = −8RE (Fig. 2b). Electrons are diverted mainly
toward the dawn as expected. The highest earthward electron velocity
reaches about 4 times the electron thermal velocity in the solar wind
(about 150% of the solar wind velocity). Because of the small number
of particles in the tail (especially, in the lobes) additional heating (ac-
celeration) caused by large fluctuations may also be included together
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with the acceleration by the reconnection. (The simulations with more
particles in the cell are in progress in order to reduce fluctuations.)

On the basis of the simulation results the local reconnection start
to take place at 0.10UT (1216). The time evolution of ion and electron
velocity in the dusk-dawn cross section plane at x = −10RE is plotted
in Figure 3. The erathward high ion velocity (blues) in the dawnside
at 0.10UT (1216) (Fig. 3a) decreases at later time (Fig. 3c and 3e).
In contrast, earthward high velocity electrons remain almost the same
at later time as shown in Fig. 3b, 3d, and 3f. At later time (0.30UT)
(1344) the earthward high velocity electrons are localized in the plasma
sheet (Fig. 3f).

The main processes that generate the wedge current take place near
the Earth. (The Earth is located at x = 70.5∆, y = 47.5∆.) In order to
examine the flow diversion and current disruption, the ion and electron
velocities (the vx: color, vx, y: arrows) are plotted in the equatorial
plane (Figure 4). Ions are mainly diverted toward the dusk (Fig. 4a,
4c, and 4e), and electrons are diverted toward the dawn (Fig. 4b, 4d,
and 4f). On the basis of ion and electron velocity structures in the
tail, their high velocity flows are localized and transient. In order to
examine the effects of current disruptions, the electron velocity in the
equatorial plane has been examined, since electrons are easily affected
with turbulent electromagnetic fields caused by the cross-field current
instability (CCI) (Lui, 1991, 1996). As shown in electron velocity struc-
tures (in the right column), near the Earth (within 10RE) the electron
velocities look irregular because of the turbulence, which supports an
evidence of occurrence of CCI (see also Figs. 3b, 3d, 3f, 5c, and 5d).

The dipolarization is one of the processes that is closely related to
the wedge current (e.g., Kan, 1998; Ohtani et al., 1999). Observations
show that current disruption and flow braking are accompanied by
dipolarization. Figure 5 shows the differences of the Bz in the equatorial
plane from that at 0.00UT (1152) when the southward IMF effects
are not visible yet (Fig. 5a). (The strong negative magnetic field in
the Earth is truncated at −50.) At 0.10UT (1216) the Bz decreases
near the Earth shown by blues (Fig. 5b). At this time the Bz becomes
negative locally and the local null points are found in the duskside near-
Earth tail (Cai and Nishikawa, 1999). The reconnection takes place
between time 0.10 - 0.20UT (1216 and 1280). As shown in Fig. 5c the
Bz decreases in the entire region. At 0.30UT (1344) the Bz increases
locally near the Earth shown by reds, which shows the dipolarization.
The dipolarization is more visible in the dawnside as shown in Fig. 5d,
5e, and 5f. After the reconnection, the dipolarization takes place near
the Earth at 0.30UT (1344) as shown in Fig. 5d. The arrows show the
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(a) (b)

(c) (d)

(e) (f)

Figure 5. Time evolution of the Bz magnetic field component subtracted by the
value at 0.00UT (1152) (a) in the equatorial (x−y) plane (z = 48∆) near the Earth
magnetosphere at 0.10UT (1216) (b), 0.20UT (1280) (c), 0.30UT (1344) (d), 0.40UT
(1408) (e), and 0.50UT (1472) (f). The arrows show the magnetic field (Bx, y) in the
equatorial plane.

magnetic field components (Bx, By) in the equatorial plane. The com-
plex magnetic structure supports an evidence of turbulence caused by
the CCI (current disruption). As shown in Figure 1 in (Nishikawa and
Ohtani, 2000), the current density on the subsolar line at x = 79(≈
−9RE) becomes maximum at 0.10UT (1216) and deceases at 0.30UT
(1344) (by about one third), which indicates the occurrence of current
decrease (disruption).
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3. Discussion

The evolution of near-Earth tail with a southward turning IMF is stud-
ied in order to address the cause-and-effect relationship between the
reconnection, BBFs, flow braking, and current disruption. The south-
ward IMF drives the sequence of processes which lead to the substorm
onset in the near-Earth magnetotail as shown in the previous section.
Our 3-D global EM particle simulation results show that the cross-field
current is enhanced at the substorm growth phase with a southward
IMF. The duskward electric field accompanied by the southward IMF
begins to enhance the current sheet in the near-Earth magnetotail. The
current sheet is thinned, and at the same time the local reconnection
takes place (Cai and Nishikawa, 1999). Later the (full) reconnection
takes place and ejects particles, which generates (high-velocity) ion
and electron flows in the near-Earth tail as shown in Figures 1 - 4. The
dawnward current is generated by the braking of earthward flows. Due
to the dawnward current the gradient of current density near the Earth
(−5RE > x > −8RE) becomes very steep at 0.20UT (1280). Because
of the opposite current direction between the dawnward current and
the cross-field current they decrease rapidly with the dipolarization as
shown in Figure 5d. On the basis of these simulation results we infer
that the current disruption plays a role in triggering substorm onset in
assistance with the flow braking of earthward flows generated by the
reconnection.

The field-aligned current at r = 5RE on the north pole is examined
in order to check the validity of the present simplest ionospheric re-
sponse in which particles are reflected by the mirror force in the cusps.
(The parallel current is calculated by j‖ = J·B/|B|.) This ionospheric
model includes the ambipolar field and effects of gyromotion in the
dipole magnetic field near the Earth (grad-B/curvature currents). Fig-
ure 6 shows the time evolution of field-aligned currents (FACs) which
are projected on the equatorial plane. (The outer regions are shrunk.)
These circular areas contain about 50 original simulation square grids.
The figures are plotted with 16 times better resolutions by the inter-
polations. The inward (into the ionosphere) current is shown by blues
and outward (tailward) currents are plotted by reds. The upper side is
faced toward the Sun and the right side is faced toward the dawn. The
latitude ranges from 90◦ to 37◦. The current in the region outside the
radius 4RE (on the equatorial plane) is set at zero. As expected at least
a pair of inward and outward currents is found. The intensity of current
is not changed except at 0.40UT (1408). At 0.30UT (1344) (Figure 6c)
two pairs of currents are found with the dipolarization (see Fig. 5c)
and this current pattern is consistent with a schematic diagram of
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(a) (b)

(c) (d)

Figure 6. Time evolution of the field-aligned current at r = 5∆(≈ 5RE)) around the
north pole (90◦−36.9◦) (projected on the equatorial plane and viewed from the pole)
at 0.10UT (1216) (a), 0.20UT (1280) (b), 0.30UT (1344) (c), and 0.40UT (1408) (d).
The inward and outward currents are shown by blues and reds, respectively.

field-aligned current shown in Plate 4 in (Birn et al., 1999). The pair
with a stronger current near the pole may correspond to the region
I current and another pair with a weaker current in the nightside
may correspond to the region II current. However, this current pattern
is different from the observed distribution of upward and downward
field-aligned currents in invariant latitude-MLT coordinate (Iijima and
Potemra, 1978). This comes from the fact that the resolutions near the
Earth are coarse and ionospheric conductivities may not be included
correctly in our simlulations. The current structure at 0.40UT (1408)
seems to correspond to the region II current. In order to examine the
FACs obtained by our simulations, the question how FACs are closed at
the inner boundary (at the ionosphere (r ≈ 2RE)) needs to be answered.
We also need to improve the ionospheric model in our simulations
including the ionospheric dynamics such as ionospheric outflows. (The
color figures are viewed at http://www.physics.rutgers.edu/ kenichi.)
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